T here have been recent calls for improved understanding of soil conditions in tropical coastal agricultural wetlands for more environmentally sound agronomic management of these valuable ecosystems and better planning of reclamation measures (Chaston et al., 2008; Verhoeven and Setter, 2010) . Verhoeven and Setter (2010) suggest that wellmanaged grazing systems with minimal or no fertilizer N and P inputs are potentially one of the more sustainable forms of wetland agriculture in terms of maintaining wetland ecological services. While soil macronutrient concentration, distribution (Mathews et al., 1999 (Mathews et al., , 2001 , and P retention dynamics (Mathews et al., 2005) have been studied in Hawaii's upland pastures based primarily on naturalized kikuyugrass (Pennisetum clandestinum Hochst. ex Chiov.), they have yet to be investigated for the coastal wetland pastures. Th ese wetland pastures are based on naturalized hilograss and paragrass (Erickson and Puttock, 2006) . Similar to upland pastures in the tropics and subtropics, recent cattle behavior studies in the wetland pastures of subtropical South Florida have indicated strong potential for dung-and urine-mediated nutrient transfer from the main grazing area to lounging areas (i.e., shade and drainage ditch areas) where livestock tend to congregate or rest (Pandey, 2006) . Th is fi nding suggests the possibility of pronounced C, N, P, K, and Na redistribution (Mathews et al., 1999 (Mathews et al., , 2001 Franzluebbers and Stuedemann, 2009 ) and increased potential for surface water contamination (Sharpley and West, 2008) .
Soil nutrient redistribution can alter the chemical composition of plants and in the long term could impact botanical composition and soil biology in a manner similar to diff erential fertilization (Mathews et al., 2001 (Mathews et al., , 2004 . Th e mineral composition of hilograss and paragrass has not been investigated for Hawaii's coastal wetlands even though animals grazing solely on wetland hilograss pastures have oft en exhibited loss of coat and body condition, hair loss rings around the eyes, diarrhea, and poor growth and reproduction Carpenter, personal observations and communications with producers, 2005-2007) . Early work to improve cattle performance on Hawaii's wetland pastures focused on liver fl uke (Fasciola gigantica) control via deworming (Alicata, 1969) , but persistence of the above problems for hilograss points to possible mineral disorders (Mathews et al., 2004) . One possibility is excessive S. Furch and Junk (1997) found excessive hilograss S concentrations in the central Amazonian fl oodplains and S interacts strongly with the micronutrient metals Cu and Mo in ruminant nutrition (Minson, 1990) . Soluble SO 4 -S is oft en found in high concentrations in coastal wetlands soils (Brupbacher et al., 1973 ).
An understanding of soil P retention dynamics in Hawaii's grazed coastal wetlands is also critical as coastal wetlands may act as sinks or sources of P (Chaston et al., 2008; Bruland and DeMent, 2009 ). Too much P in surface waters can lead to eutrophication, invasive species dominance, and coral reef degradation, with the critical P concentration oft en depending strongly on the degree of fl ushing that occurs within a given aquatic system (Fabricus, 2005; Chaston et al., 2008) . Bruland and DeMent (2009) recently conducted the fi rst formal study of P in 40 of Hawaii's coastal wetlands (17 natural, 11 restored, 7 created, 4 fi sh ponds, and 1 agricultural paddy). Th ey found that soil P retention was better correlated with Fe OX than Al OX . In contrast, the South Florida studies of Sigua et al. (2006 Sigua et al. ( , 2009 indicate that the opposite relationship may be found for partially drained wetland pasture soils where the stability of Fe 2+ -phosphates is likely to be diff erent.
A paucity of data exists for tropical pastures on the interrelationships between soil test P and potential P release to water, surface runoff , or subsurface drainage (Sperry, 2004; Mathews et al., 2005) . Due to diff erences in soil P retention capacity and therefore the extent of oxalate-extractable Al and Fe oxide saturation with oxalate extractable P on a molar basis (soil P saturation index, PSI OX ), researchers have oft en found that PSI OX rather than P extracted by the standard agronomic soil tests was the most signifi cant soil property infl uencing P release to water in noncalcareous to mildly calcareous soils (Beauchemin and Simard, 1999; Mathews et al., 2005) . Th e PSI OX has not been evaluated for tropical wetland pastures and few studies have examined the potential contribution of Ca-bound P to P solubility as moderated by Al OX and Fe OX in mildly calcareous soils (Beauchemin and Simard, 1999; Harrell and Wang, 2006) .
Fecal N pollution is also of potential concern in some of Hawaii's wetlands located in urbanized watersheds (population density >10 people ha −1 ; Bruland and MacKenzie, 2010) and some of these wetlands have pastures. Bruland and MacKenzie (2010) did not investigate wetland pastures but they recently used grass (including paragrass and hilograss) δ 15 N values >8.0‰ to suggest wetland N enrichment from leaking sewer lines, cesspools, and septic systems. Human and livestock feces, but not urine, are enriched with δ 15 N primarily due to disproportionate (more rapid) loss of lighter 14 N during the digestion process and via volatile losses aft er excretion (Macko and Ostrom, 1994) . However, it is unlikely that fecal N excretion by grazing cattle (≈0.05 kg cow −1 d −1 ) would result in mean pasture grass δ 15 N values >6.0‰ (Kriszan et al., 2009) .
Th e primary objectives of the present study were to examine for coastal wetland pastures in Hawaii (i) the eff ect of long-term (>30 yr) grazing on concentration and distribution of soil and forage macronutrients within a representative hilograss pasture site with sampling zones determined by distance from shade and streamfl ow diversion and/or drainage ditches (hereaft er referred to just as drainage ditches); (ii) the soil chemical properties of hilograss and paragrass pastures, their eff ect on forage nutrition, and associated nutritional implications for grazing cattle; and (iii) the pastures' potential to release P to a surrounding aquatic system.
MATERIALS AND METHODS

Pasture Sites and Sampling
Soil and forage samples were collected during summer from six coastal wetland pasture sites in Hawaii under near optimal grazing conditions in terms of forage mass (plant heights of 10 to 16 cm for hilograss and 30 to 50 cm for paragrass) and the water tables providing minimal to generally no soil submergence. Table 1 and all but some inclusion of the Waialua series at North Shore appear on the National Hydric Soils List of USDA-NRCS (2011) . Th e Waialua soil inclusion at the North Shore site was continuously wet enough to support paragrass due to seepage from adjacent drainage ditches and a pond. Bulk density for the soils averages approximately 0.90 ± 0.15 Mg m 3 at the 0-to 15-cm depth and 1.00 ± 0.15 Mg m 3 at the 15-to 30-cm depth.
All pastures sampled were >30 yr old, unfertilized, and at least partially used for paddy taro [Colocasia esculenta (L.) Schott var. esculenta] and/or rice (Oryza sativa L.) production before the 1960s. Th e pastures are stocked with cattle (Bos spp.) and horses (Equus spp.) either continuously or in a periodically deferred rotation (two-to 3-mo rest period each year) at a rate of ≈800 ± 350 kg liveweight ha −1 (2-5 head ha −1 ). Part of the variation in stocking rate is due to some pastures being utilized as a reserve source of additional grazing land for ranchers when there are periods of forage shortfall in leeward uplands, however this can lead to periodic overgrazing. Cattle comprised >90% of the grazing animals except at Waipio where horses dominated. At one site (Waipa), three pastures (≈1.7, 3.3, and 4.2 ha) separated by drainage ditches were divided into four zones for soil and forage sampling (Mathews et al., 1999 ) based on distance from Java plum [Syzygium cumini (L.) Skeels] and hau (Hibiscus tiliaceus L.) shade trees or drainage ditches (Erickson and Puttock, 2006) . Zone 1 (≈50 to 75% of the pasture area) consisted of areas 15+ m away from shade or a drainage ditch (open pasture), Zone 2 (≈15 to 30% of the pasture area) was 0 to 15 m from trees that are 15+ m away from a drainage ditch (shaded pasture), Zone 3 (≈5 to 15% of the pasture area) was 0 to 15 m from drainage ditch areas that are 15+ m away from shade (ditch border pasture), and Zone 4 (≈5 to 10% of the pasture area) was 0 to 15 m from trees in drainage ditch areas (shaded ditch border pasture). As an estimate of the approximate distribution of selected soil nutrients without the infl uence of grazing, an ungrazed 0.5 ha mixture of hilograss and paragrass in a long-term (>30 yr) fallow area directly adjacent to one of the Waipa pastures was also zone sampled. It should be noted that Zone 1 at Waipa was consistently wetter than the other Zones at that site, and portions of Zones 3 and 4 tended to be slightly elevated (mini levees) due to the spreading of soil excavated during ditch construction and past ditch maintenance. Th ese elevated portions of Zones 3 and 4 appeared to be preferred lounging areas during pasture fl ooding observed in February 2005. Th ree pastures were also sampled at each of the other sites but samples were collected only from Zone 1 with the exception of Zone 2 being sampled for anecdotal comparison within one of the North Shore pastures. Th is pasture had shade distribution similar to Waipa. Lack of consistent shade, ditch features, and animal access to ditch areas across pastures within sites precluded replicated sampling of Zones 2, 3, and 4 at sites other than Waipa. Approximate sizes of these pastures ranged from 0.2 to 0.3 ha at Waipio, 1.0 to 2.3 ha at Kawainui KH, 0.2 to 1.1 ha at North Shore, 1.0 to 4.4 ha at Hanalei, and 1.7 to 4.7 ha at Kawainui HA.
Th e Waipa and North Shore sites were sampled during summer 2005, the Waipio and Hanalei sites during summer 2006, and the two Kawainui sites during summer 2007. Th is resulted in one hilograss and one paragrass site being sampled each year under near optimal grazing conditions. Sampling of all sites during a single summer was not possible due to site-specifi c conditions such as management-imposed pasture rest or less than optimal grazing conditions (fl ooding or overgrazing). None of the sampled pastures had been rested within 4 mo of sampling.
Soils were sampled at the 0-to 15-cm and 15-to 30-cm soil depths by collecting a well-mixed composite of 20 to 25 cores (2-cm diam.) along a zigzag path within the selected zone(s) of a pasture while avoiding visible dung and urine patches. Th e composited samples for each depth and applicable zone(s) within a pasture were placed in plastic bags, transported to the laboratory in an ice cooler where they were sieved through a 8-mm screen, and refrigerated before complete analysis within a few days. Unlike the study of Mathews et al. (2005) with upland pastures in Hawaii, stratifi ed soil sampling at shallower 4-to 5-cm depth intervals within the surface 15 cm of soil was not performed in the present study because preliminary soil sampling at Waipa, Waipio, and North Shore did not indicate topsoil nutrient stratifi cation. Th is observation may have been due in part to soil mixing induced by poaching and pugging by livestock hooves under the seasonally waterlogged soil conditions. Th e trampled forages readily reestablish vegetatively from the stolons and lower stem nodes. Hilograss or paragrass, depending on the site, was hand-plucked (top fi ve to six green leaves and associated stem) in close proximity to each soil sampling point and composited for each pasture and applicable zone(s). Zone 2 of the Waipa site also consisted of a small amount (1-2% ground cover basis) of kaimi (Desmodium incanum DC., a forage legume tolerant of wet soils; Hacker, 1992) which was sampled in a manner similar to the grasses.
Soil and Plant Analyses
Th e soil samples were maintained fi eld moist for analysis and results are reported on an oven-dry (100°C) soil equivalent basis. Th e samples were analyzed for pH (saturated paste); NH 4 Cl exchangeable Ca, Mg, K, and Na; organic C (OC, improved chromic acid colorimetric procedure); total N (automated combustion analysis using an ECS 4010 CNS analyzer, Costech Analytical Technologies, Valencia, CA); total P (H 2 SO 4 -H 2 O 2 digestion); modifi ed Truog extractant, MT (0.01 M H 2 SO 4 + 0.02 M [NH 4 ] 2 SO 4 )-extractable P (P MT ); Olsen (0.5 M NaHCO 3 at pH 8.5)-extractable P (P OLSEN ); and acid (pH 3) Na oxalate (0.2 M)-extractable molybdate-reactive P (RP OX ), Al (Al OX ), and Fe (Fe OX ) by the methods outlined by Shuman and Duncan (1990) , Hue et al. (2000) , and Mathews et al. (2005) . Eff ective cation exchange capacity (ECEC) was calculated as the sum of exchangeable cations (cmol c kg −1 basis) (Shuman and Duncan, 1990) . Phosphorus that is nearly immediately bioavailable or could be easily desorbed from the soil and redistributed into subsurface drainage or surface runoff is thought to be represented by water-extractable, dissolved (<0.45-μm pore diam.), molybdatereactive P (DRP WE ) (Heathwaite et al., 2005; Mathews et al., 2005) . Th e DRP WE was determined using a soil/solution ratio of 1:30 and a shaking time of 2 h (Heathwaite et al., 2005 ). An abbreviated sequential extraction of molybdate-reactive P (Hedley et al., 1994) was also performed using 0.2 M NaOH (RP OH ) at a soil/solution ratio of 1:50 in 250-mL centrifuge bottles and a shaking time of 16 h followed by extraction of the soil residue with 0.5 M H 2 SO 4 (RP ACID ) using the same soil/solution ratio and shaking time (Mathews et al., 2002) . Th e RP OH in this case is assumed to consist of inorganic P associated primarily with amorphous and poorly crystalline Al and Fe oxide surfaces in addition to readily available inorganic P that would be extracted by water and P OLSEN while RP ACID represents inorganic P in Ca phosphates and possibly some forms occluded within crystalline Al and Fe oxides (Guo and Yost, 1999; Mathews et al., 2002) . Total molybdate-reactive P (RP TOTAL ) was considered the sum of RP OH and RP ACID . Th e P concentrations for all the extractions described above were determined colorimetrically by the molybdenum-blue colorimetric method while extract concentrations for the exchangeable cations, Al OX , and Fe OX were determined by inductively coupled plasma emission spectroscopy (ICPES) (Hue et al., 2000) . Th e potential for oxalate interference during the RP OX analysis was overcome by aliquot dilution and the addition of excess molybdate (Mathews et al., 2005) . Th e oxalate P saturation index (PSI OX RP) of each sample was calculated using RP OX concentration (mmol kg −1 ) divided by the sum of Al OX and Fe OX concentrations (mmol kg −1 ), and multiplied by 100 (Mathews et al., 2005) .
Readily mineralizable N (RMN) was determined by the 40°C anaerobic incubation procedure outlined by Sahrawat and Narteh (2003) while soluble SO 4 -S was determined turbidmetrically aft er extraction with 0.01 M NH 4 Cl (Maynard et al., 1987) . As oft en expected for Fe-rich, volcanic-derived soils no free S 2− was detected by ion-specifi c electrode (Bell, 2008) . Free CaCO 3 equivalent (CCE) was determined by the method of Rowell (1994) . When readily visible, fi ne-to medium-grained coral sand (≈95% CaCO 3 ) content was estimated by sieving and subsequent optical sorting (Rowell, 1994) .
Th e hand-plucked forage samples were dried at 60°C for 72 h and ground to pass a 1-mm stainless steel screen, using a Wiley mill. Th ese samples were analyzed for total N concentration by automated combustion analysis as described for the soil samples while concentrations of P, K, Ca, Mg, Na, and S were determined by ICPES following digestion in HNO 3 and H 2 O 2 as outlined by Jones and Case (1990) . Forage δ 15 N analysis was performed as described by Bruland and MacKenzie (2010) using the same internal standards and a Costech ECS 4010 elemental analyzer (Costech Analytical Technologies Inc., Valencia, CA) interfaced with a Th ermo-Finnegan Delta V Advantage dual isotope mass spectrometer (Th ermo Fisher Scientifi c Inc., Waltham, MA). Stable isotope values were calculated using standard delta (δ) values by the following formula:
where X is 15 N expressed in terms of per mil (‰), and R is the corresponding ratio of 15 N/ 14 N. Results are presented as deviations from atmospheric N.
Statistical analyses were performed for all replicated zone data. Soil and forage zone data for grazed pastures at the Waipa site were statistically analyzed by single-factor repeated measures ANOVA and associated contrasts of the SAS PROC MIXED procedure (SAS Institute, 2003) . To make selected comparisons between mean Zone 1 hilograss and paragrass nutrient concentrations across the six sites an ANOVA was performed for site and single degree of freedom orthogonal contrasts were conducted. All other statistical relationships, correlations, and regression analyses were performed using SigmaPlot 11 (Systat, 2008) . Diff erences in response were considered signifi cant at P ≤ 0.10 for both the soil and forage data. Th is was done because of the inherent large variability within both grasslands (Mathews et al., 1999) and wetlands (Güsewell and Koerselman, 2002; Bruland and DeMent, 2009) .
RESULTS AND DISCUSSION
Soil Chemical Properties and Nutrient Distribution
At Waipa, Zone 2 (shaded pasture) had greater pH, exchangeable Ca, K, and Na concentrations, and ECEC than Zone 1 (open pasture) for the 0-to 15-cm soil depth (Table 2) . A somewhat similar situation occurred at this depth for the Waipa ditch infl uenced areas with Zone 4 (shaded ditch border pasture) having greater soil exchangeable K and Na concentrations than Zone 3 (ditch border pasture). Zones 2 and 4 had nearly identical concentrations of exchangeable K and Na at the 0-to 15-cm depth while Zones 3 and 4 had greater pH, exchangeable Ca, and ECEC than Zones 1 and 2 at Waipa. In contrast, Zones 1 and 2 either had or tended toward greater exchangeable Mg than Zones 3 and 4. Th is fi nding for Mg may have been due in part to formation of hydroxy Al-Mg polymers (Mg fi xation) in Zones 3 and 4 in response to the high pH (Riggs et al., 1995) . Greater concentrations of exchangeable K and Na in Zones 2 and 4 than 1 and 3 can be attributed to redistribution in urine and to a lesser extent dung to these shaded lounging areas where the grazing animals tend to congregate (Mathews et al., 1999; Kayser and Isselstein, 2005; Sharpley and West, 2008) .
Th e similarity of Zones 2 and 4 for exchangeable K and Na and some other nutrients discussed later suggest that shade proximity to water sources did not result in preferential attraction of cattle relative to other shade areas. While working with rotationally stocked kikuyugrass pastures in Hawaii's uplands Mathews et al. (1999) concluded that shade sources had a greater eff ect on distribution of cattle in the landscape than water sources. Th ese observations may be due in part to reduced drinking water demand resulting from high forage water content (≥80%, Carpenter, unpublished data and communications with producers, 2005-2007) . Between 70 and 80% or more of the daily water requirement for cattle at 27°C can be met with tropical grasses containing 80% water, assuming a realistic DM intake of 2.5% of liveweight (Minson, 1990; Gadberry, 2010; Carpenter, unpublished data, 2005) . Without shade, nutrients recycled in grazing animal excreta may still become concentrated within 15 m of a small water source such as a water trough if it is the sole source of drinking water (Mathews et al., 1999 (Mathews et al., , 2001 .
As expected based on upland pasture and tree-grass fallow studies in Hawaii (Mathews et al., 1999; Mathews et al., 2002) , data from the nongrazed area adjacent to the Waipa pastures did not suggest tree-induced exchangeable K and Na buildup in Zones 2 and 4. Th e concentrations of these cations at the 0-to 15-cm depth for the equivalents of Zones 1 through 4 in the nongrazed area were 0.21, 0.18, 0.14, and 0.17 cmol c kg −1 for K; and 0.71, 0.77, 0.45, and 0.43 cmol c kg −1 for Na. Greater pH, exchangeable Ca, and resultantly ECEC for Zones 3 and 4 than Zones 1 and 2 of the grazed pastures can be attributed to redistribution of some (≈50 ± 20 g kg −1 ) fi ne-to medium-grained coral sand from the C horizon to the surface soil that occurred during ditch excavation (Soil Survey Staff , 1976) . Similar observations were made for the nongrazed area adjacent to the Waipa pastures where the equivalents of Zones 3 and 4 had greater pH (6.9 ± 0.1) and exchangeable Ca (27.91 ± 1.21 cmol c kg −1 ) than did the equivalents of Zones 1 and 2 (pH = 5.3 ± 0.3 and Ca = 8.14 ± 0.35 cmol c kg −1 ).
Th e Waipa zone diff erences and trends toward diff erences for pH, exchangeable cations, and ECEC at the 15-to 30-cm depth followed the same general pattern as the 0-to 15-cm depth (Table 2) . At both soil depths the exchangeable K in Waipa Zones 1 and 3 was low (<0.20 cmol c kg −1 ) for tropical pasture grass growth on soils with an ECEC well in excess of 10 cmol c kg −1 (Mathews et al., 2004) .
Th e pH, exchangeable cations, and ECEC at the other sites (Table 2) were within expected ranges for the soils (Soil Survey Staff , 1976) . However, exchangeable K was in the low range for Hanalei at the 0-to 15-cm depth and low to very low for Kawainui HA and Hanalei at the 15-to 30-cm depth, particularly considering the relatively high ECEC (Mathews et al., 2004) . As predicted by Kelley (1914) these fi ndings and those previously mentioned for low K at Waipa (Zones 1 and 3) may partially be a legacy of K removal in harvested crop products in excess of inputs during the era of intensive taro and rice cultivation. Th e overall high to very high concentrations of exchangeable Mg can be attributed in part to the wetland soils serving as sinks for Mg infl ow from the surrounding uplands where the drainage water is strongly infl uenced by Mg rich basaltic rock weathering (Gill and Sherman, 1952) . More recent work suggests that the base cation fertility of Hawaii's wetlands can also be strongly infl uenced by eroded materials originating from steep and less extensively weathered slopes and valley walls (Palmer et al., 2009 ). In the present study, high mean exchangeable Ca concentration for North Shore appeared to be due in part to mixing of the clayey surface soil in two of the pastures with some coral sand (≈70 ± 20 g kg −1 ) that was likely transported from the adjacent beach via periodically heavy storm winds and surges. Regardless of soil depth the two North Shore pastures closest to the beach had exchangeable Ca concentrations of 40.40 ± 2.24 cmol c kg −1 and a pH of 7.5 ± 0.2 compared with half as much exchangeable Ca and a pH of 6.2 ± 0.1 for the pasture furthest from the beach. While mean exchangeable Ca was lower at Hanalei than North Shore, the wide exchangeable Ca standard deviations for both soil depths at Hanalei also appeared to be linked to the variability in coral sand level (≈10 ± 10 g kg −1 ; Soil Survey Staff , 1976). Waipio had the Table 2 . Soil pH, exchangeable cations, and effective cation exchange capacity (ECEC) for the 0-to 15-and 15-to 30-cm soil depths of the hilograss and paragrass pasture sites studied and effect of sampling zone within the Waipa site. Data are means with standard deviations in parentheses for each site by zone combination (n = 3 pastures) and the overall zone 1 mean for each pasture type (n = 9 pastures).
Site
Zone † pH Th e CCE concentration was greater for Waipa Zones 3 and 4 than 1 and 2 at both soil depths (Table 3 ). North Shore also had high mean CCE concentrations relative to the other sites except Waipa Zones 3 and 4. Hanalei had large standard deviations relative to mean CCE. As aforementioned for exchangeable Ca, these fi ndings for CCE can be attributed to the infl uence of coral sand.
Th e shade-infl uenced Zones 2 and 4 at Waipa had greater concentrations of soil OC, total N, and RMN at the 0-to 15-cm depth than Zones 1 and 3 (Table 3) . Similarly, at the 0-to 15-cm soil depth the North Shore pasture also sampled for Zone 2 had greater soil OC (47.2 vs. 37.7 g kg −1 ) and total N (4.6 vs. 4.0 g kg −1 ) concentrations for Zone 2 than Zone 1. Th ese fi ndings for total N and possibly soil OC also likely refl ect the strong tendency for grazing animals to concentrate their dung and urine returns in lounging areas (Mathews et al., 1999; Franzluebbers and Stuedemann, 2009) . Only N-fi xing tree species (not present) would be expected to signifi cantly increase total N relative to unfertilized hilograss (Mathews et al., 2002) , but trees can promote soil environmental modifi cations (temperature, water content, etc.) favoring increased microbial activity, and hence measured RMN (Wilson and Wild, 1995) . Unfortunately, RMN was not determined for the zone samples collected from the nongrazed area adjacent to the Waipa pastures so no anecdotal comparison can be made regarding the eff ects of shade on RMN with and without grazing. Th e primary source of the OC diff erence is also less than clear as the equivalents of shaded Zones 2 and 4 for the nongrazed area adjacent to the Waipa pastures had greater OC (51.5 ± 0.6 g kg −1 ) but not total N (3.2 ± 0.1 g kg −1 ) than did the equivalents of nongrazed area Zones 1 and 3 (41.9 ± 0.6 g OC kg −1 and 3.4 ± 0.3 g total N kg −1 ). While Mathews et al. (2002) did not fi nd trees superior to a hilograss fallow in increasing soil OC, their result may have refl ected limited potential for further OC buildup in a high OC (127 ± 11 g kg −1 ) Andisol. It is well established that the capacity of a particular soil to stabilize additional OC or N depends strongly on the amounts already in the soil (Six et al., 2002) . soil organic carbon (OC), total N, readily mineralizable N (RMN) , total P, and 0.01 M NH 4 Cl soluble SO 4 -S for the 0-to 15-and 15-to 30-cm soil depths of the hilograss and paragrass pasture sites studied and effect of sampling zone within the Waipa site. Data are means with standard deviations in parentheses for each site by zone combination (n = 3 pastures) and the overall zone 1 mean for each pasture type (n = 9 pastures). A similar, but weaker relationship to that observed by Sahrawat and Narteh (2003) for West African wetland rice soils was found between RMN and OC across sites and soil depths (RMN = 1.60OC + 52.78, R 2 = 0.41, signifi cant at the 0.001 probability level, n = 54). Waipio had half as much soil OC as the other sites (Table 3) , which likely contributed to the lower ECEC and RMN observed for this site (Sahrawat and Narteh, 2003) . At Waipa, total P was slightly greater for Zone 2 than Zone 1 at the 0-to 15-cm depth (Table 3) , but there were no diff erences among the other zones or at the 15-to 30-cm depth (Table 3) . Kawainui KH and North Shore had relatively high total P concentrations at the 0-to 15-cm depth.
Concentrations of 0.01 M NH 4 Cl soluble SO 4 -S (akin to water or 0.01 M CaCl 2 soluble SO 4 -S, Maynard et al., 1987) were high (Table 3 ) compared with unfertilized upland soils in Hawaii (Fox et al., 1965) but very closely represented the range observed by Brupbacher et a1. (1973) for 20 coastal freshwater wetland soils with mineral surface horizons in Louisiana. For both soil depths at Waipa, Zone 3 had greater soluble SO 4 -S than Zone 1, and Zone 4 had a greater concentration than Zone 2. Th is result is most likely due to the substantially higher pH in Zones 3 and 4 contributing to reduced SO 4 -S retention by Fe and Al mineral surfaces (Bell, 2008) . In addition, there may have been a grazing animal excreta-induced trend (P < 0.15) at the 0-to 15-cm depth for Zone 2 to have a greater soluble SO 4 -S concentration than Zone 1 and for Zone 4 to have a greater concentration than Zone 3.
Th ere were no signifi cant diff erences in P MT among zones at Waipa for the 0-to 15-cm depth but Zone 2 was slightly greater than Zone 1 at the 15-to 30-cm depth (Table 4) . Th e P OLSEN was lower or tended to be lower for Zones 1 and 2 relative to Zones 3 and 4 respectively at both soil depths (Table 4) . Across soil depths the North Shore pasture also sampled for Zone 2 had P MT and P OLSEN concentrations that were 15 ± 5 mg kg −1 greater in Zone 2 (data not shown) than Zone 1. Large (200 to 300 mg kg −1 ) concentration diff erences between P MT and P OLSEN for Waipio and North Shore (Table 4) are indicative of high concentrations of Ca-bound P (Jones, 1982) as will be discussed later.
At Waipa there were no zone eff ects for DRP WE (Table 4) at the 0-to 15-cm depth and the only signifi cant DRP WE diff erence at the 15-to 30-cm depth was Zone 2 having a greater concentration than Zone 3. With the exception of North Shore which had means of 11.35 and 8.34 mg DRP WE kg −1 at the 0-to 15-and 15-to 30-cm depths, mean DRP WE concentrations were low (0.23 Table 4 . Modifi ed-Truog extractable P (P MT ), Olsen extractable P (P OLSEN ), water-extractable, dissolved (<0.45-μm pore diameter), molybdate-reactive P (DRP WE ), sodium hydroxide-extractable reactive P (RP OH ), sulfuric acid-extractable reactive P (RP ACID ), and total reactive P (RP TOTAL ) for the 0-to 15-and 15-to 30-cm soil depths of the hilograss and paragrass pasture sites studied and effect of sampling zone within the Waipa site. Data are means with standard deviations in parentheses for each site by zone combination (n = 3 pastures) and the overall zone 1 mean for each pasture type (n = 9 pastures).
Zone to 1.74 mg kg −1 ) regardless of site and soil depth (Table 4) . Th is fi nding agrees with data from 12 upland pasture sites in Hawaii where only two sites (Haplustoll soils) had DRP WE concentrations that exceeded 3.00 mg kg −1 throughout the surface 16 cm of soil (Mathews et al., 2005) . Limited surface water drainage DRP data collected from the North Shore pastures (Mathews and Carpenter, unpublished data, 2006) averaged 0.14 ± 0.02 mg L −1 , which could be of potential environmental concern for an adjacent marsh based on a suggested target DRP concentration of <0.10 mg L −1 (Mathews et al., 2005) . Th e RP OH fraction (molybdate-reactive P bound primarily to amorphous and poorly crystalline Al and Fe oxide surfaces) at the 0-to 15-cm depth was greater for Zones 1 and 2 (83% of RP TOTAL ) than for Zones 3 and 4 (42 to 58% of RP TOTAL ) at Waipa while the reverse was found for RP ACID (primarily Ca-bound P) (Table 4) . Th is fi nding was expected based on the tendency in moderately weathered soils for greater amounts of P to be bound by Al and Fe at pH <6.5 and conversely a substantial amount by Ca under high pH or calcareous conditions (Guo and Yost, 1999; Reddy et al., 2005) . At the 15-to 30-cm depth, similar patterns were found except that Zones 1 and 3 did not signifi cantly diff er for RP OH and only Zone 3 had signifi cantly greater RP ACID than Zones 1 and 2. High concentrations of RP ACID relative to RP OH for Waipio, North Shore, and to some extent Hanalei, can be explained by Waipio being a slightly weathered soil where most of the P would still be expected to present as relatively stable primary Ca-P minerals (apatites) (Palmer et al., 2009 ) and by North Shore and Hanalei being mildly calcareous like Waipa Zones 3 and 4 (Guo and Yost, 1999; Reddy et al., 2005) . Across sites and soil depths, RP OH comprised an average of 50% of RP TOTAL with a range of 33 to 83%. Th ere were no zonal diff erences at Waipa for RP TOTAL at the 0-to 15-cm depth, but Zone 3 was greater than Zones 1, 2, and 4 at the 15-to 30-cm depth (Table 4) .
Th e eff ect of site, zone, and soil depth on mean mmol kg −1 Al OX , Fe OX , and RP OX , and the PSI OX RP calculated using these parameters, are presented in Table 5 . Diff erences among Waipa zones for Al OX , Fe OX , and RP OX appear to be rather random. As expected for Hawaii's coastal wetland soils derived from sediments of Fe-rich basaltic parent materials (Bruland and DeMent, 2009) , the Fe OX concentrations were consistently larger than Al OX across sites. In contrast to the fi ndings of Sahrawat and Narteh (2003), Fe OX was not signifi cantly correlated with RMN. Th is result may be attributed to the sixfold greater average Fe OX concentrations in the present study providing more than ample Fe 3+ to serve as an electron receptor for the Table 5 . Oxalate-extractable Al (Al OX ), Fe (Fe OX ), and molybdate-reactive P (RP OX ); and the soil P saturation index (PSI OX RP) calculated using Al OX , Fe OX , and RP OX for the 0-to 15-and 15-to 30-cm soil depths of the hilograss and paragrass pasture sites studied and effect of sampling zone within the Waipa site. Data are means with standard deviations in parentheses for each site by zone combination (n = 3 pastures) and the overall zone 1 mean for each pasture type (n = 9 pastures). oxidation of organic matter and associated release of NH 4 -N under anaerobic conditions by facultative microbes. Across sites and soil depths, RP OX comprised an average of 84% of RP TOTAL with a range of 53 to 100%, and RP OX averaged 1.7-fold greater than RP OH with a range of 1.0-to 2.7-fold. Previous Hawaii research has shown that RP OX concentration is expected to be similar to RP OH in weathered soils low in or lacking Ca-P minerals but greater than RP OH in mildly calcareous and slightly weathered soils due to the dissolution of a portion of the Ca-P minerals (Guo and Yost, 1999; Mathews et al., 2002) . If one assumes that the diff erence between RP OX and RP OH is comprised of a portion of the Ca-bound P or RP ACID , this would suggest that RP OX extracted an average of 68% of RP ACID with a range of 11 to 100%. Th ese fi ndings suggest that the acidity of the oxalate extraction procedure makes its mode of extraction somewhat similar to that of 0.5 M H 2 SO 4 or 1 M HCl (Guo and Yost, 1999; Mathews et al., 2002) .
Prediction of DRP WE
Satisfactory combined relationships between P determined by agronomic soil P tests and DRP WE or runoff DRP can be obtained for similar soils but rarely across soils with wide ranges in weathering and clay mineralogy (Morton et al., 2003; Mathews et al., 2005) . Th is has been attributed to diff erences in soil P retention capacity or PSI OX RP at similar soil test P concentrations. For example, Mathews et al. (2005) found satisfactory relationships between P MT and DRP WE when data from acid (pH 5.0-6.0), upland kikuyugrass pasture soils with low to medium P-retention capacity (Mollisols and Inceptisols) were pooled separately from soils with high P retention (Andisols, Ultisols, and Oxisols). In the present study P MT was a weaker parameter for estimation of DRP WE (DRP WE = 0.019P MT − 0.16, R 2 = 0.51, signifi cant at the 0.001 probability level, n = 54) across all pasture soil samples than P OLSEN , which was relatively strong (Fig. 1) . Th is result can be attributed to the apparent dissolution of some Ca-bound P of limited solubility in certain soils by the MT extractant, particularly the slightly weathered Waipio soil (Jones, 1982) . In contrast, P OLSEN does not extract much P from this fraction (Jones, 1982; Harrell and Wang, 2006) . Otherwise both soil tests extract labile solution P and a portion of the P that is loosely bound primarily by amorphous Al and to a lesser extent Fe surfaces (Jones, 1982; Harrell and Wang, 2006) . Th e data in Fig. 1 support the suggestion of Morton et al. (2003) in New Zealand that soil DRP solubility in nonandic, moderately weathered Inceptisols would tend to rapidly increase beyond a threshold of about 50 mg kg −1 P OL-SEN . Hue and Fox (2010) recently found that P OLSEN was better related to soil solution DRP than the dilute-acid P MT and Mehlich 3 agronomic soil P tests while working with 12 Hawaii soils of diff ering mineralogy. Similarily, He et al. (2006) found that P OLSEN was better related to runoff DRP than Mehlich 1 and Mehlich 3 extractable P for Florida fl atwoods soils (Alfi sols and Spodosols) with a pH range of 4.4 to 8.1.
It has oft en been found that the PSI OX RP procedure, and sometimes a similar index based on a dilute-acid soil extraction procedure such as MT, Mehlich 1, or Mehlich 3, are the best indicators of DRP WE across soil types (Beauchemin and Simard, 1999; Mathews et al., 2005) . Th e PSI OX RP (Table 5) was a slightly stronger predictor of DRP WE across sites, zones, and soil depths (Fig. 2) than P OLSEN (Fig. 1) . Th e quadratic relationship in Fig. 2 was also equivalently described by a power function (DRP WE = 0.018PSI OX RP (2.12) , R 2 = 0.95, signifi cant at the 0.001 probability level) and little DRP WE was predicted until PSI OX RP exceeded 10%. Th is is greater than the critical value of 6% PSI OX RP observed by Mathews et al. (2005) for upland pasture soils in Hawaii and may have resulted from dissolution of Ca-bound P by the oxalate extractant and the twofold lower soil OC concentrations in the present study. Dissolution of Ca-bound P by oxalate was not encountered in the study by Mathews et al. (2005) because the acid upland soils contained little P in this form. Furthermore, as discussed by Mathews et al. (2005) , the binding of humic materials and low molecular weight organic acids to oxide surfaces has been shown to decrease phosphate retention per mol of Al and Fe in upland soils, and mineralization of organic matter can serve as a dynamic source of DRP WE .
Interestingly, substituting RP OH for RP OX in the numerator of the PSI OX RP calculation (PSI OHOX RP = 100 × mmol Fig. 1. Relationship between water-extractable, dissolved  (<0.45-μm pore diam.) , molybdate-reactive soil P (DRP WE ) and Olsen extractable P (P OLSEN ) across all pasture soil samples. ***Significant at the 0.001 probability level. Fig. 2 . Relationship between water-extractable, dissolved (<0.45-μm pore diam.), molydate-reactive soil P (DRP WE ) and the soil P saturation index calculated using oxalate extractable Al, Fe, and molybdate-reactive P (PSI OX RP) across all pasture soil samples. ***Significant at the 0.001 probability level.
RP OH kg −1 /[mmol Al OX + Fe OX kg −1 ]) reduced the R 2 for the relationship to DRP WE from 0.95, signifi cant at the 0.001 probability level (Fig. 2) , to 0.77 signifi cant at the 0.001 probability level (DRP WE = 0.187 + 0.454PSI OHOX RP + 0.026PSI O-HOX RP 2 , n = 54). Th is fi nding supports suggestions by Beauchemin and Simard (1999) and Harrell and Wang (2006) that a portion of the Ca-bound P in mildly calcareous soils contributes to DRP WE but is moderated by Al OX and Fe OX . Both Al OX (r = −0.71) and Fe OX (r = −0.56) were negatively correlated with DRP WE (signifi cant at the 0.001 probability level) in the present study. Th e overall importance of Al OX in the calculation of PSI OX RP is demonstrated by the observation that when Fe OX is removed from the denominator (PSI OX RP [P/ Al] = 100 × mmol RP OX kg −1 /mmol Al OX kg −1 ) the R 2 for the relationship to DRP WE remained 0.95 and was linear (Fig. 3) rather than curvilinear. Th e curvilinear relationship between PSI OX RP and DRP WE (Fig. 2) can be attributed to the slightly weaker quadratic relationship that occurs when Al OX is removed from the denominator of PSI OX RP (PSI OX RP [P/Fe] = 100 × mmol RP OX kg −1 /mmol Fe OX kg −1 ) (Fig. 4) . Th ese fi ndings are similar to those of Edis et al. (2002) for alluvial fl oodplain soils in tropical Northeast Queensland, Australia, and those summarized by Walbridge and Struthers (1993) for palustrine forested wetland soils in the Atlantic coastal plain of the USA. Th ese investigators found that P retention could be predicted solely by Al OX concentration and inclusion of Fe OX in the model did not increase the variability explained even for Fe OX rich soils. In contrast, Mathews et al. (2005) found that the R 2 for the relationship between PSI OX RP and DRP WE in Hawaii's upland pasture soils was signifi cantly reduced when either Al OX or Fe OX was omitted from the calculation of PSI OX RP. Also in contrast, Bruland and DeMent (2009) recently found that Fe OX was better correlated with P retention than Al OX while working with 40 coastal wetland sites in Hawaii. However, it should be noted that their investigation included a much wider range of soils than the present study and at least half their samples were collected from wetter, more consistently saturated hydrologic zones where the Fe forms, P retention behavior, and stability of vivianite [Fe 3 (PO 4 ) 2 .8H 2 O] or similar Fe 2+ -phosphates are likely to be diff erent (Takahashi and Toriyama, 2004; Reddy et al., 2005; Sigua et al., 2006 Sigua et al., , 2009 Heiberg et al., 2010) .
While the MT P saturation index (calculated in the same manner as PSI OX RP but with the substitution of P MT and MT extractable Al and Fe) showed some utility in predicting DRP WE in the upland study of Mathews et al. (2005) , it was a very poor tool across soils in the present study (data not shown). Th is fi nding was due to partial MT extractant neutralization by soils with higher pH and CCE which lead to weak Fe and Al extraction relative to P (Jones, 1982; Guo and Yost, 1999) .
Forage Mineral Concentrations and Distribution
Hilograss N, P, K, Ca, and Mg concentrations at Waipa tended to follow somewhat similar zonal patterns (Table 6) as the soil data did for total N or RMN, P OLSEN , and exchangeable K, Ca, and Mg. Th e most notable exceptions were no hilograss N and K diff erences between Zones 3 and 4 and no Ca diff erence between Zones 1 and 2. Th e lack of a hilograss K diff erence between Zones 3 and 4 may have been due to antagonism of K uptake by the high exchangeable Ca concentration in these zones (Table 2) (Kayser and Isselstein, 2005) , while the lack of a Ca diff erence between Zones 1 and 2 may have been because the Waipa soil exchangeable Ca/Mg ratio was narrow (1:1 or less) for both zones (Osemwota et al., 2007) . Th e North Shore pasture also sampled for Zone 2 had greater paragrass N (35.7 vs. 29.8 g kg −1 ), K (33.6 vs. 29.7 g kg −1 ), and Na (4.5 vs. 3.6 g kg −1 ) concentrations in Zone 2 than Zone 1. Th is fi nding is in agreement with the soil observations for this pasture.
Diff erences in zonal response between the soil RMN and hilograss N data for Zones 3 and 4 may have been due in part to the high pH of these zones increasing the potential for volatilization of mineralized NH 4 + as NH 3 (Patrick et al., 1985; Buresh et al., 2008) . Th is suggestion may be supported by the observation that the soil NH 4 + concentration at the beginning of the RMN incubation did not diff er (P > 0.28) between Zones 3 and 4 at either the 0-to 15-cm (means = 10 ± 2 mg kg −1 ) or 15-to 30-cm soil depths (means = 11 ± 2 mg kg −1 ). Patrick and DeLaune (1977) noted that inconsistent relationships between plant N and soil RMN are not unexpected for wetlands. Such fi ndings have been attributed to the potential for rapid gaseous N losses in response to frequent fl uctuations in soil moisture (alternate fl ooding and draining) and microbial competition for N (Patrick and DeLaune, 1977; Güsewell and Koerselman, 2002) . In the present study, hilograss N (n = 18) was only moderately correlated with surface soil (0-to 15-cm depth) RMN across sites (r = 0.45, signifi cant at the 0.05 level) while the relationship between paragrass N and surface soil RMN (n = 9) was not signifi cant. Th e average forage N/P ratio across grasses was 9.6 ± 1.7 (site range, 6.6-11.7), which suggests that N is a limiting nutrient in these wetland ecosystems (Güsewell and Koerselman, 2002) .
Forage P concentration across grasses was better correlated with surface soil P MT (r = 0.66, signifi cant at the 0.001 level) than P OLSEN (r = 0.51, signifi cant at the 0.01 level). Th is diff erence in response was primarily due to a stronger relationship between paragrass P concentration and P MT (r = 0.80, signifi cant at the 0.01 level) than P OLSEN (r = 0.61, signifi cant at the 0.05 level). Neither P extractant demonstrated a distinct advantage in predicting hilograss P. Brazilian researchers have demonstrated that Brachiaria spp. are very effi cient at absorbing less labile pools of Ca-and Al-bound P that are extracted to a greater extent by dilute-acid extractants than the alkaline P OLSEN (Sousa and Lobato, 2003; Resende et al., 2007) .
Paragrass K was moderately correlated with surface soil exchangeable K across sites (r = 0.58, signifi cant at the 0.10 level) while strong correlations were observed between paragrass Ca and surface soil exchangeable Ca (r = 0.97, signifi cant at the 0.001 level), and between paragrass Mg and surface soil exchangeable Mg (r = 0.91, signifi cant at the 0.001 level). A moderate correlation between hilograss Ca and surface soil exchangeable Ca (r = 0.58, signifi cant at the 0.01 level) was the only signifi cant relationship observed across sites between a soil exchangeable cation and mineral composition of this species. As expected (Mathews et al., 2004) , similar but weaker correlations (data not reported) were observed between mineral concentrations of the grasses and the respective subsoil (15-to 30-cm depth) nutrient concentrations.
According to the databases of the two senior authors, forage N, P, K, Ca, and Mg concentrations for both the hilograss and paragrass sites were within the ranges typically observed for these species on unfertilized upland pasture soils in Hawaii with high rainfall (≥3050 mm rainfall yr −1 ) and udic soil moisture regimes. From the animal nutrition standpoint, hilograss at Kawainui KH was marginal in N (<20 g kg −1 ) for rapidly growing cattle and P (<2.3 g kg −1 ) for lactating cows (Mathews et al., 2004; Buck et al., 2008) . Paragrass at Hanalei was also low in P for lactating cows. Hilograss consistently had greater (P < 0.001) Mg concentrations than paragrass as has been observed with upland soils in high rainfall areas (Mathews, unpublished data, 2008 (Mathews, unpublished data, -2009 .
Th e high hilograss Na concentration for Waipa Zone 1 relative to Zones 2, 3, and 4 (Table 6) was not in synchrony with the soil exchangeable Na data and may refl ect enhanced release of exchangeable Na to the soil solution under the wetter conditions of Zone 1 (Patrick et al., 1985) . Except for Zone 1 at Waipa, hilograss was defi cient in Na (<0.6 g kg −1 ) for grazing ruminants (Mathews et al., 2004) . In contrast, paragrass was consistently severalfold greater in Na (P < 0.001) relative to hilograss and paragrass Na was correlated with surface soil exchangeable Na (r = 0.77, signifi cant at the 0.01 level). Th ese fi ndings are also consistent with observations on upland soils in high rainfall areas (Mathews, unpublished data, 2008 (Mathews, unpublished data, -2009 .
Hilograss S concentration (Table 7) tended to follow the general zonal pattern for soil SO 4 -S at Waipa. Across sites this forage consistently had very high S concentrations (5.6 to over 10 g kg −1 ) relative to paragrass, which had S concentrations within the expected 1.0 to 4.0 g kg −1 range for tropical forage grasses (Fox at al., 1965; Kouno and Ogata, 1988; Mathews et al., 2004) . It is also interesting to note that the small amount of kaimi in Zone 2 of the Waipa site had a mean S concentration of 2.3 g kg −1 (SD = 0.2) compared with 10.7 g kg −1 for hilograss (Table 7) . Th is observation is in agreement with the fi nding of Kouno and Ogata (1988) that Desmodium spp. are not "luxury consumers" of SO 4 2− . Luxury Table 6 . Concentrations of N, P, K, Ca, Mg, and Na in hand-plucked hilograss and paragrass forage at the pasture sites studied and effect of sampling zone within the Waipa site. Data are means with standard deviations in parentheses for each site by zone combination (n = 3 pastures) and the overall zone 1 mean for each forage (n = 9 pastures). SO 4 2− consumption is a process where in response to high concentrations of soluble SO 4 2− some plant species absorb large quantities of SO 4 2− in excess of plant needs and translocate the excess into cell vacuoles where it is stored, but not remobilized (Ernst, 1998) . Th e two senior authors have recently observed similarly high hilograss S concentrations (7.8-13.9 g kg −1 ) relative to paragrass (1.8-2.8 g kg −1 ) and paddlegrass (Ischaemum polystachyum J. Presl) (3.1-4.1 g kg −1 ) in some upland pastures on Hydrudand soils near Hilo on the island of Hawaii with 0.04 M Ca (H 2 PO 4 ) 2 extractable SO 4 -S in excess of 1000 mg kg −1 . Furch and Junk (1997) reported excessive S concentrations for several tropical wetland grasses including hilograss growing on Aquents and Aquepts in the central Amazonian fl oodplains where the mean concentration across 11 grass and one sedge species was 7.6 g kg −1 with a high S concentration of 13.4 g kg −1 . Th ese fi ndings suggest that hilograss is a likely a luxury consumer of SO 4 .
In ruminants, high forage S (>4.0 g kg −1 ) is an antagonist to Cu absorption and thiamine metabolism, and may lead to hypocuprosis, suppressed immune system function, and reduced forage intake and overall animal performance, particularly if forage Cu concentration is low to marginal (Minson, 1990; Olkowski, 1997 ). Hawaii's wetland soils tend to strongly sorb Cu (Hue et al., 1997) and with the exception of North Shore (mean = 11 mg kg −1 ) the grass Cu concentrations in the present study Carpenter, unpublished data, 2005-2007) were in the low range for grazing ruminants (4-9 mg kg −1 ; Mathews et al., 2004) . Arthington et al. (2002) reported that cattle grazing bahiagrass (Paspalum notatum Flügge) pastures on an Aquod in South Florida containing 5.0 g kg −1 forage S had lower liver Cu concentrations than those grazing bahiagrass containing 2.2 to 2.5 g kg −1 S even when provided free-choice access to a complete salt-based trace mineral supplement. Upon removal from high-S pastures the cattle in their study were able to respond to Cu supplementation.
Polioencephalomalacia, a serious neurotoxicity can also occur when signifi cant quantities of sulfi des and sulfi tes are produced in the rumen in response to high feed or water S (Olkowski, 1997) (Minson, 1990) . Grass Mo concentrations in the present study Carpenter, unpublished data, 2005-2007) were within the normal expected range (0.4-2.7 mg kg −1 ; Kurmarohita, 1964; Minson, 1990) with the exception of Waipio, which was moderately high (5.4 mg kg −1 ) from the ruminant health perspective (Minson, 1990) . Kurmarohita (1964) found that forage Mo in Hawaii tends to be greatest for sites with relatively less weathered soils such as Waipio.
Forage δ 15 N Values and Distribution
At Waipa, Zones 2 and 4 had greater δ 15 N values than Zone 1 but did not diff er from Zone 3 (Table 7) . Th e lack of diff erence between Zones 3 and 4 is challenging to explain but may refl ect some 15 N uptake directly derived from decomposing feces in the litter layer of Zone 3 that were not noticed during forage sampling. Furthermore, the trend (P = 0.16) toward greater δ 15 N values in Zone 3 than Zone 1 could partially refl ect preferential loss of 14 N via NH 3 volatilization in the high pH Zone 3 (Macko and Ostrom, 1994; Buresh et al., 2008) . With the exception of North Shore (mean δ 15 N = 9.4‰), the mean δ 15 N values for all sites (Table 7) were within the general expected ranges (2.4 to 5.0‰) for grasses in Hawaii's wetlands that are thought to be relatively free from the impact of sewage or livestock wastes (Bruland and MacKenzie, 2010) . Th e North Shore pastures were adjacent to a livestock waste oxidation pond and a cesspool that are strongly suspected of leakage. Th e pasture closest to the oxidation pond had a δ 15 N value of 12.4‰ while the other two North Shore pastures had values of 7.8 and 8.1‰. Our Kawainui HA paragrass samples had a mean δ 15 N value of 4.2‰ compared with 9.1‰ for the paragrass dominated Kawainui samples of Bruland and MacKenzie (2010) . Th eir sampling site was north of our ranch samples and closer to the possible anthropogenic infl uences of Kailua, a town with a population approaching 40,000.
SUMMARY AND CONCLUSIONS
Results of the present research establish useful baseline information on soil chemical properties and forage minerals in Hawaii's wetland pastures. Th e environmental soil P data agreed with studies conducted with Hawaii's upland pastures and North American wetlands indicating that PSI OX RP is a useful aid in estimating the potential for P losses from Hawaii's wetland pasture soils to surface waters. Little DRP WE was predicted until PSI OX RP exceeded 10%, which is greater than the critical value of 6% observed by Mathews et al. (2005) for Hawaii's upland pastures. It appeared that a portion of the oxalate extractable Ca-bound P in mildly Table 7 . Sulfur concentrations and δ 15 N (‰) values for handplucked hilograss and paragrass forage at the pasture sites studied and effect of sampling zone within the Waipa site. Data are means with standard deviations parentheses for each site by zone combination (n = 3 pastures) and the overall zone 1mean for each forage (n = 9 pastures). calcareous wetland soils contributes to DRP WE but is moderated by Al OX . Removal of Fe OX from the calculation of PSI OX RP did not aff ect the variability explained for DRP WE thereby indicating the high overall importance of Al OX in controlling P retention for these soils. Th is fi nding is in contrast to more consistently waterlogged coastal wetlands in Hawaii where Fe OX (likely in the form of Fe 2+ -minerals) may be more important than Al OX in controlling P solubility (Bruland and DeMent, 2009) . Redox control of phosphate mineral stability needs to be investigated for Hawaii's coastal wetlands. With the exception of one site, the pasture DRP WE concentrations did not appear to be of potential environmental concern. Th e P OLSEN soil test was only slightly less eff ective than PSI OX RP in predicting DRP WE .
Site
Soil total N and exchangeable K and Na accumulated similarly in shaded areas of the zonally sampled Waipa pastures regardless of water source proximity. Hilograss N, δ 15 N (‰), and K at Waipa tended to follow a similar distribution. Th is fi nding provides further evidence of the importance of shade in infl uencing distribution of grazing animal excreta under humid tropical conditions where drinking water demand may be reduced due to high forage water content. Inconsistent relationships were observed between grass N and soil RMN. Correlations between the soil exchangeable cations and the respective forage concentrations of these nutrients were generally strong for paragrass, while exchangeable Ca was the only cation correlated with hilograss mineral composition. Phosphorus concentration across grasses was better correlated with P MT than P OLSEN . With the exception of one site having very likely urban infl uences, the mean grass δ 15 N values were within the general expected ranges (2.4-5.0‰) for grasses in Hawaii's wetlands that are thought to be relatively free from the impact of sewage or livestock wastes. Grass N, P, K, Ca, and Mg concentrations for all sites were within expected ranges and were generally suffi cient for grazing cattle except for marginal N at one site and low P at two sites. Hilograss was typically defi cient in Na (<0.6 g kg −1 ) for grazing cattle while paragrass was suffi cient.
Across sites, hilograss consistently had very high and probably toxic S concentrations for cattle (5.6-11.0 g kg −1 ) relative to paragrass, which had concentrations within the general expected range (1.9-4.0 g kg −1 ) for forage grasses. Ruminant animal research is needed to confi rm the magnitude of potential hilograss S toxicity and associated eff ects on Cu metabolism and supplementation effi ciency.
